This study examined spatial-frequency effects on a motion-pooling process in which spatially distributed local one-dimensional motion signals are integrated into the perception of global two-dimensional motion. Motion pooling over two-to three-octave frequency differences was found to be nearly impossible when all Gabor elements had circular envelopes, but possible when the width of high-frequency elements was reduced, and the stimulus as a whole formed a closed contour configuration. These results are consistent with a view that motion pooling is controlled by form information, and that spatial-frequency difference is one, but not an absolute, form cue of segmentation.
Introduction
The processing of visual motion in the human visual system occurs through multiple stages (Born & Bradley, 2005; Heuer & Britten, 2004; Movshon, Adelson, Gizzi, & Newsome, 1986; Newsome, Britten, & Movshon, 1989) . Image motion is initially detected by a bank of neural sensors, each having an oriented and small receptive field. The local motion signal obtained from each sensor is one-dimensional (1D), indicating only a set of possible solutions of the true 2D motion vector (Adelson & Movshon, 1982; Fennema & Thompson, 1979; Marr & Ullman, 1981) . To solve this ''aperture problem", the visual system should integrate 1D-signals across different orientations.
When a considerably large object makes a rigid translation, an array of motion sensors decomposes the object's motion into multiple 1D local motion signals. For correct estimation of the global 2D motion, the visual system should integrate 1D motion signals not only across different orientations, but also across different locations. Such spatial pooling of 1D local motions has been demonstrated in a number of studies (Lorenceau, 1998; Lorenceau & Shiffrar, 1992; Lorenceau & Zago, 1999; Mingolla, Todd, & Norman, 1992; Rubin & Hochstein, 1993; Takeuchi, 1998) . Recently, Amano, Edwards, Badcock, and Nishida (2009a) examined the properties of spatial pooling of 1D and 2D local motion processes, using global motion stimuli made of numerous carrier-drifting Gabor or Gabor plaid elements (Global-Gabor motion and Global-plaid motion). They showed that spatial pooling of locally ambiguous 1D motion signals follows an integration rule similar to ''intersection of constraints" (IOC) that gives mathematically correct solutions of the aperture problem (Adelson & Movshon, 1982; Simoncelli & Heeger, 1998; Weiss, Simoncelli, & Adelson, 2002) , while that spatial pooling of locally unambiguous 2D local signals follows a rule similar to vector averaging (Webb, Ledgeway, & McGraw, 2007; Wilson, Ferrera, & Yo, 1992) .
In addition to specificities to space and orientation, early neural motion sensors show narrow tuning to spatial frequency (SF) (Anderson, Burr, & Morrone, 1991; Priebe, Lisberger, & Movshon, 2006) . This third selectivity of 1D local motion sensors naturally raises the question of how SF tuning contributes to 1D motion pooling. Using Global-Gabor motion stimuli and a noise masking paradigm, Amano, Edwards, Badcock, and Nishida (2009b) examined whether 1D motion signals are pooled only within the same SF band or across different SF bands. Their masking functions showed broad low-pass tuning, as was reported with spatial pooling of 2D local motion signals (Bex & Dakin, 2002; Yang & Blake, 1994) . That is, noise Gabor elements (random directions) effectively mask the perception of coherent motion of signal Gabor elements even when the noise Gabor elements are much lower in SF than the signal Gabor elements. The results suggest that 1D motion signals are spatially pooled across different SFs.
However, whether the broadband integration as suggested by noise masking functionally contributes to the solution of the aperture problem remains an open question, since the reported broadband masking effect does not directly demonstrate that global 2D motion is computed via integration of local 1D component motions of different SFs. The purpose of this study is to make this point clear.
The first two experiments tested 1D motion pooling across different SFs, using Global-Gabor motion stimuli (Experiment 1) and quartet-Gabor motion stimuli (Experiment 2). Apparently at odds with the noise masking data, the results consistently showed that 1D motion pooling for coherent motion perception is clearly SF selective. This is the first main finding of this study. This SF selectivity, however, is not the absolute rule. We also found that motion pooling was possible across different frequencies when we reduced the number of cycles of high-frequency Gabor elements, and made them slim and edge-like. This is the second main finding to be reported in Experiment 3.
2. Experiment 1. Narrow SF tuning in 1D motion pooling measured using Global-Gabor motion stimuli Using Global-Gabor motion stimuli, this experiment examined whether the visual system can integrate spatially distributed 1D motion signals across different spatial frequencies in order to solve the aperture problem and perceive a coherent 2D motion.
Methods
The participants were two of the authors (KA, SN) and one naïve observer (AM), who had normal or corrected-to-normal spatial acuity and no history of any visual disorders. The experiment was approved by the NTT Communication Science Laboratories Research Ethics Committee and was performed in accordance with the Declaration of Helsinki.
Stimuli were generated using a Cambridge Research System's ViSaGe graphics card and presented on a 21 in. CRT (Sony GDM-F500) at a frame rate of 100 Hz. Observers viewed the monitor at a distance of 52 cm, with their head stabilized by a chin rest.
A Global-Gabor motion stimulus consisting of numerous Gabor elements was presented on the uniform gray background (30 cd/ m 2 ). Each element had a stationary Gaussian envelope (SD = 0.4°) and was drawn within a 2°square window. A total of 192 Gabors were presented in an annulus viewing aperture that had an inner diameter of 6°and outer diameter of 32° (Fig. 1a) .
We divided Gabor elements into two groups, and manipulated the spatial-frequency difference between the two groups (SF1 and SF2). Orientation was the same within each group of Gabors but different between the two groups by 90°(unless otherwise noted), so that motion integration across groups was necessary for computation of global motion direction ( Fig. 1a and b) . The drift speeds of all the Gabor elements were consistent with a common 2D target vector, whose speed was 2 deg/s and whose direction was randomly chosen from the range covering for full 360°. The Gabor orientations were changed together with the target vector in such a way that the normal vectors of the SF1 and SF2 components were +50°and À40°or À40°and +50°from the target vector. Unless otherwise noted, the Gabor contrast used was five times the direction discrimination threshold for that particular spatial frequency (see Amano et al. (2009b) for details).
We measured the apparent direction of global motion while changing the relative density of SF1 and SF2 elements. In each trial, after the presentation of a moving stimulus for 200 ms, a line originating from the center of the screen appeared. Observers rotated the line until its orientation matched the perceived direction of motion. The observer had to report the dominant direction even when more than one direction was visible. The relative element density was varied between trials. The matching was repeated 10 times for each condition.
If 1D motion signals are properly integrated into a global 2D vector according to a rule similar to IOC (Adelson & Movshon, 1982; Lorenceau, 1998) , perceived direction should be close to the target vector (i.e., IOC direction). Furthermore, this should be true not only in a small range of density ratio but also in a fairly wide range. This is because the geometrical solution of the aperture problem (i.e., IOC) should be independent of the number of samples of each 1D component (given the effect of noise is negligible). Detailed discussion about this issue can be found in Amano et al. (2009a) .
Results
In the result figures, reported direction, averaged over three observers, is plotted as a function of the density of SF1 component. In general, as the SF1 density was increased, reported direction changed from the normal vector of the SF2 elements (denoted as À1) to that of the SF1 elements (+1).
When the spatial frequencies of SF1 and SF2 elements were the same (both 0.7 c/deg, or both 2.8 c/deg), perceived motion direction remained close to the IOC direction (0) across a wide density change (Fig. 2a) . This symmetric step curve is consistent with motion integration based on the IOC rule. On the other hand, if 1D motion signals were integrated based on a rule similar to vector averaging, perceived direction would linearly change with the density ratio, as indicated by a green dotted line (Amano et al., 2009a) .
Our current interest was whether this symmetric step function was preserved for different SF conditions. To quantitatively evaluate the similarity, we computed the deviation from the best-fit descriptive function of the same-SF data. direction ¼ sign ð2 Á density À 0:5Þ Á min ð1; 2:04 Á j2 Á density À 0:5j 16:2 Þ:
A red dotted curve shows this function. The measure of deviation was root-mean square error (RMSE). RMSE for the same-SF data (i.e., fitting error) was 0.17 for both conditions. When SF1 was 0.7 c/deg and SF2 was 2.8 c/deg (two-octave difference), as the density of SF1 elements was slightly increased from 0% to $2%, reported direction suddenly jumped to the SF1 normal direction (Fig. 2b, blue circles) . RMSE was as large as $1.0. This result indicates that perceived direction was almost exclusively determined by the SF1 elements, and that motion signals carried by SF1 and SF2 elements were not integrated. When the frequency difference was reduced from 2 octaves to 1 or 0.5 octaves (Fig. 2c) , the pattern of the results gradually changed to that observed under the same-frequency condition. RMSE was 0.89 and 0.71 for one-octave differences, and 0.53 and 0.28 for a-half-octave differences.
The observed dominance of lower spatial frequency components, despite equating motion visibility by setting contrasts to equal multiplies (5Â) of the direction discrimination thresholds, is consistent with an asymmetric noise masking effect (Amano et al., 2009b) , in which the masking of higher-frequency signals by lower-frequency noise is much stronger than the masking of the opposite direction. The low-frequency dominance per se, however, is unlikely to be the explanation of the failure of motion integration, since even when we reduced the 0.7 c/deg contrast to 2Â while leaving the 2.8 c/deg contrast 5Â, the results showed a similar pattern, indicating no sign of motion integration between the two frequencies (Fig. 2b, red squares) .
With the standard overlapping plaid, coherent motion is seen for component motions of different SFs, but only when the directions of component motions (normal vectors) are similar.
1 According to Kim and Wilson (1993) , 90°difference is the upper boundary of coherence range. Motivated by this finding, we replicated our 0.7-2.8 c/deg condition with reducing the angular difference of SF1 and SF2 to 40°. We however found no evidence of motion integration again ( Fig. 2b , green triangles). Another condition found with the standard plaid that indicates broadband integration is coherence capture . This is a phenomenon in which a 2D grid motion made by drifting gratings of a given spatial frequency can capture the perceived direction of a 1D grating of a lower and higher SF. We made a similar stimulus using Global-Gabor motion by replacing 1D Gabors with 2D Gabor plaids for SF1 elements (Fig. 1c) . A 2D Gabor plaid element consisted of the original 1D Gabor component and the second orthogonal 1D component. The second component was identical to the first component in SF, but identical to SF2 Gabor elements in orientation, direction and speed. As a result, the three 1 With the standard overlapping plaid, coherent motion is seen regardless of the difference in component motion SF when the orientations and directions of component motions are close. To explain this finding, Kim and Wilson (1993) proposed a multi-scale pooling model with cross-frequency facilitation within a limited range of direction. This model is conceptually similar to our first hypothesis. An alternative account, similar to our second hypothesis, is that the orientation and direction similarity makes images segmentation of the two components difficult.
1D motion components had a single common IOC solution. When high-SF 2D Gabor plaids were combined with low-SF 1D Gabors (Fig. 2d , open circles), the perceived direction was almost always close to the normal direction of the low SF elements. This indicates that high-frequency 2D motion was ignored, and unable to capture the whole image including low-SF 1D elements. This is in contrast to the coherence capture observed with the standard plaid stimuli . When low-SF 2D Gabor plaids were combined with high-SF 1D Gabors (Fig. 2d , filled circles), the perceived direction was almost always in the direction of the low-SF 2D elements. This is a result consistent with coherence capture from low to high-SF elements, but it could be ascribed to general low-SF dominance in global direction judgment.
3. Experiment 2. Narrow SF tuning of 1D motion pooling measured using quartet-Gabor motion stimuli
While noise masking suggests broadband SF tuning of 1D spatial motion pooling (Amano et al., 2009b ), we could not find the clear evidence of broadband SF integration in the first experiment. Rather, the observed low-SF dominance is more consistent with the notion of narrow SF tuning of 1D motion pooling. To realize this apparent discrepancy, we examined whether cross-frequency 1D motion pooling is impossible under any condition, or it is permitted if other stimulus parameters strongly facilitate motion integration. Previous studies on 1D motion pooling suggest that one of the critical factors of motion integration is the spatial configuration of local motion components (Lorenceau & Alais, 2001; Lorenceau & Zago, 1999; McDermott, Weiss, & Adelson, 2001 ). Specifically, motion integration is facilitated when 1D local elements form virtual L junctions between neighbors. We made such a configuration using Gabor elements, which we call quartet-Gabor motion stimuli (Fig. 3a) , and tested the SF selectivity of motion integration in the second experiment.
Methods
Three observers participated in this and the following experiments. One of them (MT) was not informed of the purpose of the experiment. The rest of them were the two of the authors (KM, SN). All had normal or corrected-to-normal visual acuity. The apparatus was the same as for the previous experiment except that the viewing distance was reduced to 39 cm.
We show a diagram of the stimulus in Fig. 3a . A quartet-Gabor motion stimulus consisted of four Gabor elements, centering at vertices of a virtual 12.8 Â 12.8°rectangle. Each Gabor had a stationary Gaussian envelope (SD = 2.14°) and was drawn within a 12.8°(±3SD) square window. The carrier grating of each Gabor element was oriented orthogonally with respect to the radial direction to form a virtual diamond shape. The four Gabor elements can be divided into two pairs of opposing same-orientation Gabor elements. The carrier grating of each Gabor made a sinusoidal oscillation. The oscillation was in-phase within an opposing Gabor pair, and 90°out-of-phase between the two opposing pairs. When perceptually integrated, the Gabor elements generated the perception of a global circular translation, with the direction (clockwise or counterclockwise) being dependent on the direction of phase shift. The temporal rate of the carrier oscillation, which was equal to that of global circular translation, was 1.0 Hz. The magnitude of carrier oscillation was 2.56°, with the maximum speed being 8.0 deg/s. Given the carrier motions are perfectly integrated by the IOC rule, the diameter of global circular translation was 2.56°and the tangential translation speed was $8.0 deg/s.
The SF of the carrier grating was 0.16, 0.31, 0.62, 1.25 c/deg. It was always the same within an opposing Gabor pair, but was independently varied between the opposing pairs. Merging six mirrorimage conditions of 16 (4 Â 4) combinations, we tested 10 SF conditions (Table 1) .
In each trial, a quartet-Gabor motion stimulus was presented for 500 ms. The observer's task was to judge the direction of global circular translation (clockwise/counterclockwise) by pressing one of two buttons. The initial phase of the carrier oscillation was randomly varied from trial to trial. The SF condition was fixed within a block, which consisted of 20 trials. Each observer carried out 20 blocks, two repetitions (40 judgments) for each of the SF conditions. The relative positions of the low-and high-frequency Gabor pairs were counterchanged between the two repetition blocks.
For the purpose of equating visibility across different SFs, the luminance contrasts were matched in terms of their direction discrimination thresholds. The stimulus used in this direction discrimination experiment was the same as that used in the main experiment except that it made a global horizontal translation (8.0 deg/s). The procedure for the threshold estimation was a conventional one with the constant methods. Observers judged the direction of motion while the luminance contrast of Gabor elements was randomly varied in seven steps. The four Gabor elements had a same luminance contrast. Observers performed 20 trials for each contrast condition. The threshold was estimated on the basis of psychometric functions obtained by sigmoid fitting of the performance data with logistics functions for each observer. Estimated thresholds are shown in Table 2 . In the main experiment, the luminance contrast of carrier grating was fixed at five times the estimated threshold. Fig. 3b shows the results. We plotted the performance of direction discrimination of global circular translation as a function of the carrier SF. All observers showed basically the same tendency. The results of one-way repeated ANOVA show that the main effect of SF difference is significant (F(9, 18) = 21.22, p < .01). The significant differences of post hoc analysis by LSD methods are shown by asterisks in Fig. 3b . When the carrier SF for all four elements was the same, the observed performance was nearly perfect (>90%) regardless of the carrier SF. As the SF difference increased, the performance dropped remarkably. An additional experiment indicated that motion integration across different SFs remained difficult even when the carrier contrast level was widely varied from 3 to 23 times the detection threshold (see Appendix A).
Results
The results of the second experiment agree with those of the first experiment. A minor difference was that the second experiment indicates some evidence of motion integration even at 2-3 octave differences. This might be due to the use of larger Gabor elements, a regular stimulus configuration, and/or a more sensitive direction-discrimination task.
The results reported so far indicate that large SF separations prevent 1D motion signals from being integrated across orientation for coherent motion perception. However, the results of the next experiment indicate that a slight change on the quartet-Gabor motion stimuli significantly alters the pattern of the results.
4. Experiment 3. Broad SF tuning of 1D motion pooling measured using quartet-Gabor motion stimuli with thin envelopes One of the best stimulus conditions of 1D motion pooling suggested by previous studies is to give local motions by moving line segments that define connected contours of closed configurations (Lorenceau & Alais, 2001; McDermott et al., 2001 ). The quartet-Gabor stimulus, used in the last experiment, is consistent with this condition to some extent. However, when low-and high-SF Gabor elements are combined, observers cannot easily see smoothly connected contours between neighboring Gabor elements due in part to the circular envelope of Gabors. To make the appearance of our stimuli more similar to the contour-like stimuli used in the above experiments, we thinned high-SF Gabor by reducing the envelope width along the orientation perpendicular to the carrier (''thin" envelope in Fig 4a) .
Methods
The methods were basically the same as those for the previous experiment except for the following points. The carrier SF combination was either 0.16 and 1.25 c/deg (three-octave difference) or 0.16 and 2.5 c/deg (four-octave difference). The stationary contrast envelope for the higher SF elements (1.25 or 2.5 c/deg) was an ellipsoidal Gaussian function whose longer axis was parallel to the orientation of the carrier grating. While the Gaussian SD along the longer axis remained the original value (2.14°), the SD along the shorter axis varied in three steps: 0.26, 0.54, 2.14 for 1.25 c/ deg elements and 0.13, 0.26 and 2.14 for 2.5 c/deg elements. Consequently, the numbers of grating cycles were 2, 4, and 16 (1.25 c/ deg) or 2, 4, and 32 (2.5 c/deg). (Note that the number of grating cycles of the lower SF Gabor elements (0.16 c/deg) was 2.) The contrast for these elements was set at four times the direction discrimination threshold for horizontal movements shown in Table 3 . We reduced the contrast multiplication factor from five to four since a pilot test suggested that five times the threshold might exceed 100% due to the elevation of the threshold contrast for thin Gabors. An observer carried out 12 blocks, two blocks for each of the six stimulus conditions.
Results
Fig . 4b shows the direction discrimination performance as a function of envelope width. All observers showed a similar tendency. As the width of the high-SF elements was decreased, the performance improved, although it was hard to evaluate the change in performance between the two thin conditions due to ceiling effects. The critical finding is that when the width was the same between low-and high-SF elements in terms of the number of grating cycles (i.e., 2), observers could judge the direction of global circular translation nearly perfectly, even though there was a three-or four-octave difference in the center SF of the carrier.
Thinning the envelope broadens the SF spectrum, which effectively reduces the spectrum separation between low-and high-SF elements. One might suspect that this spectrum change would explain the observed improvement in motion integration. However, our data argue against this interpretation. Fig. 4c shows the spectrum of a stimulus condition where the higher SF elements were 1.25 c/deg and circular (SD = 2.14°). Fig. 4d shows the spectrum of a stimulus condition where the higher SF elements were 2.5 c/deg and moderately thin (SD = 0.26°). In the latter case as compared to the former case, even though the minimum spectrum difference from the lower SF elements is not smaller, the performance of direction discrimination was much better. This implies that 1D pooling is stronger than predicted from the spectrum overlap when low-SF Gabor elements are combined with high-SF ''thin" elements.
We confirmed this critical finding with seven new naïve observers. This additional experiment used the same method as the main experiment except that the carrier contrast of each element was fixed at 8%, and that only two stimulus conditions were used (shown in Fig. 4c and d) . The results (Fig. 5) indicate that the performance of the seven naïve observers was much better when the high-SF elements had thin envelopes than when they had circular envelopes (t(6) = 4.87, p < .05). This is in agreement with the main results. The overall performance slightly declined for naïve observers, and the discrimination performance for the thin condition did not suffer from the ceiling effect.
Discussion
The results obtained so far can be summarized as follows:
(R0) Noise masking indicated a broad low-pass tuning of 1D motion pooling across space (Amano et al., 2009b) . This study used Global-Gabor motion with all the elements having circular envelopes. (R1) It is hard to see coherent motion from 1D pooling of different SF Gabor elements when all Gabor elements have circular envelopes. This was confirmed for Global-Gabor motion (Experiment 1) and quartet-Gabor motion (Experiment 2). (R2) It is possible to see coherent motion from 1D pooling of different SF Gabor elements when the width of high-SF Gabor elements is reduced, and the pattern forms a nice closed configuration (Experiment 3). This finding cannot be ascribed to the spread of the SF spectrum.
The present results may appear complicated at first glance, but from the functional point of view, they indicate reasonable behaviors of the 1D motion integration process. Given that the purpose of 1D motion pooling is to solve the aperture problem, it is important to selectively pool such motion signals that are likely to belong to the same moving objects. Since SF difference is one of the important cues for object segmentation, it is a considerably sensible decision not to integrate motion signals of far-separate SFs (R1). This decision, however, is not unconditional when there are other strong cues supporting perceptual grouping of those signals (R2). The present findings support the view that the 1D motionpooling process is highly adaptive and flexible (Anstis,1990; Stoner & Albright, 1996; Lorenceau & Alais, 2001; Huang, Albright, & Stoner, 2007; Huang, Albright, & Stoner, 2008; McDermott et al., 2001) .
Then what kind of processing algorithm underlies this adaptive and flexible computation? Basically, we share a view with the previous studies that global motion processing works in cooperation with form-based image processing (Alais & Lorenceau, 2002; Lorenceau & Alais, 2001; McDermott et al., 2001; Stoner & Albright, 1996) . The role of junctions on motion integration has often been discussed (Grossberg, Mingolla, & Viswanathan, 2001; Liden & Pack, 1999; Stoner & Albright, 1993) , and it has been reported that even the virtual junctions on the extensions of actual edges can affect the global motion integration (Lorenceau & Zago, 1999) . Motion integration is also affected by the other global form cues, e.g. shape of connected contour, occlusion, and depth assignment (McDermott, Weiss, and Adelson, 2001; Lorenceau & Alais, 2001; McDermott & Adelson, 2004) . To be specific to the present results, the contribution of form processing seems necessary to account for the effect of thinning the Gabor envelope on the SF tuning of 1D motion pooling (R2). On the other hand, the following two hypotheses appear equally likely as to how SF-selective pooling (R1) is generated: it may reflect a channel structure of the motion processing, or reflect image segmentation by form processing (Fig. 6 ). We will examine these two hypotheses one by one. The first hypothesis assumes that 1D motion pooling is carried out in parallel at multiple narrow-band SF channels (Fig. 6a) . This bandpass channel structure can account for the difficulty of pooling 1D motion signals across widely separated SFs (R1). The resulting global 2D motion signals are integrated across different scales, with stronger weights given to lower frequency signals. This broadband second-stage integration can account for the broadband masking effect (R0). In addition to this default motion-pooling mechanism, there is another pooling mechanism for smoothly connected contours. This mechanism is tightly connected with form processing. Critically, it is assumed to be feature-invariant, having no regard for how moving contours are defined. It ignores carrier SF of Gabor motions, working even when moving contours are defined by non-luminance (second-order) features. The existence of such a mechanism can account for the broadband 1D pooling for thin Gabors (R2), as well as for our recent preliminary finding of 1D motion pooling for second-order motions. The second hypothesis assumes only one broadband mechanism for 1D motion pooling that is under strict control by form processing (Fig. 6b) . Form processing may use SF differences as an image segmentation cue. When form processing segments out low and high-SF Gabor elements, it does not allow motion pooling across them (R1). In that situation, form processing selectively gates lower-SF local motion signals to the pooling stage, leading to low-SF dominance in global motion perception (R0, R1). Form processing also uses contour continuity as an image-grouping cue. When grouping by this cue surpasses segmentation by the SF cue, form processing allows motion integration across different SFs (R2).
Our argument described in the last paragraph assumes that form processing uses SF difference and contour continuity as separate and competing cues for image segregation/grouping. We also considered a possibility that a SF difference between circular Gabor elements might have more direct relevance to contour continuity. Experiment 3 showed that motion integration was improved when neighboring Gabor elements were matched in terms of the number of grating cycles. This suggests that the failure of motion pooling among circular Gabor elements of different SFs (Experiments 1 and 2) might be simply due to the mismatch of the number of contour elements. This mismatch could impair motion pooling since many line segments do not have smoothly connecting segments in the neighborhood. By conceptually combining the effect of SF with that of contour continuity, this hypothesis provides a simple and coherent explanation of the present findings. Unfortunately, our preliminary investigation failed to show clear evidence supporting this hypothesis (see Appendix B). However, since there were many methodological differences between the main experiments and this additional experiment, it may be too early to draw a definite conclusion about this possibility.
The data currently available are consistent with either of the two hypotheses shown in Fig. 6 . Further specification of the com- putational mechanism, as well as neural mechanism, has to await future studies taking various approaches including psychophysics, physiology and brain imaging. If motion-pooling processing is inherently broadband (hypothesis in Fig. 6b) , cross-SF pooling should be perceived whenever suppression by form processing is reduced. The only successful manipulation we have found so far was to narrow the width of Gabors. Whether one can find other ways to facilitate the perception of cross-SF motion pooling would be a critical question to differentiate the two hypotheses shown in Fig. 6 . However, we can at least conclude from the current findings that SF tuning of motion should not be regarded as a simple reflection of channel structures of the motion mechanism, but as an elegant accomplishment contributed by a wide range of visual mechanisms. 
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Appendix A. Effects of contrast levels on the 1D motion pooling across different SF bands
In this experiment, we examined the effect of contrast levels on the pooling of 1D motion signals between different SFs. The procedure and stimulus were basically the same as for the Experiment 2 except that we only used the pairs of 0.16 Â 1.25 c/deg (three-octave difference) and 0.16 Â 0.62 c/deg (two-octave difference) elements and that the contrast level of these elements are changed in seven steps from 3 to 23 times of the detection threshold. Two observers including one of authors participated in this experiment. Fig. A1 shows the results. When the SF difference between elements was two octaves, both observers could not judge the direction of global circular translation perfectly, but the accuracy was above 75% regardless of the contrast level. When the SF difference was increased to three octaves, the performance was close to the chance level, again regardless of the contrast level. These results indicate that the SF-selective pooling observed in Experiment 2 is a robust finding that is not dependent on the stimulus contrast level.
Appendix B. Effects of the number of contours on 1D motion pooling
Here we report the results of an additional experiment carried out to separate the effect of the number of lines from the effect of SF. We replaced each Gabor element in quartet-Gabor stimuli with a single line or random multiple lines moving within a Gaussian envelope. The spectrum of a single line is identical to the average spectrum of multiple lines appearing at random positions, both being flat over a wide range of SF. Therefore, by combining single lines with multiple random lines, we could examine the effect of the number of lines on motion pooling independent of the effect of SF.
B.1. Methods
The stimuli were displayed on a calibrated CRT monitor (resolution of 1600 Â 1200 pixels; 60-Hz frame rate) controlled by Psychlops software running on a DOS/V computer. Each pixel subtended 1 arc min at a viewing distance of 41 cm. A chin rest was used to stabilize the observer's head.
The stimuli consisted of four elements that centered at vertices of a virtual diamond (6°in diagonal) (Fig. A2a) . Each element consisted of a white (115 cd/m 2 ) moving line pattern drawn on a stationary gray Gaussian blob (SD = 0.33°, drawn within a 2-deg square, 36 cd/m 2 at the center), which was drawn on the white background (115 cd/m 2 ). The line pattern was either a single line (SL), or random multiple lines (MLs) whose appearance rate was 25%. The line width was one pixel. The line patterns were oriented orthogonally with respect to the radial direction and were oscillated in either sine or cosine phase to generate a global circular translation. The temporal rate of the carrier oscillation was 1.0 Hz. The magnitude of carrier oscillation was 0.66°, with the maximum speed being 2.1 deg/s. Given that the carrier motions were perfectly integrated by the IOC rule, the diameter of global circular translation was 0.66°and the tangential translation speed was 2.1 deg/s.
Three types of stimulus were used: a stimulus consisting of SL elements only (SL-only), ML elements only (ML-only type), and a combination of SL and ML elements, with the same element type being used for the top-bottom element pair, and for the left-right element pair (SL Â ML type). When an element pair consisted of ML elements, mirror-symmetric random line patterns were used. In the ML-only stimulus, line patterns were arranged to form virtual concentric squares.
In each trial, a line motion stimulus was presented for the duration chosen from six values ranging from 150 to 533 ms. The exposure duration was varied to prevent performance flooring or ceiling that hide potential differences among stimulus conditions. Observers' task was to judge the direction of global circular translation (clockwise/counterclockwise). A block consists of 360 trials. Within a block, 18 stimulus conditions (three stimulus types Â six exposure durations) were repeated 20 times in a randomized order. An observer ran two blocks, 40 repetitions for each stimulus condition.
B.2. Results
Fig . A2b shows observers' performance of direction discrimination as a function of duration. Two-way repeated ANOVA indicates significant main effects of stimulus type and duration (F(2, 4) = 7.10, F(5, 10) = 13.91, respectively). A post hoc test on the effect of stimulus type indicates higher correct ratio for MLonly condition than for the other two conditions (LSD = 5.84, MSe = 39.8, p < .05). If the match/mismatch of the number of contours is a critical factor of motion pooling, the SL Â ML condition should be much worse in performance than the ML-only and SLonly conditions. The statistical analyses described above imply that the direction discrimination performance was slightly worse for the SL Â ML condition than for the ML-only condition, but it was not significantly different between the SL Â ML condition and the SL-only condition. Thus, the results of this experiment suggest that the match/mismatch of the number of lines does not have a strong effect on 1D motion integration enough to account for the clear SFselective pooling found in Experiments 1 and 2.
